Introduction
============

Prostate cancer is the second leading cause of cancer-related deaths among men in the United States and is one of the most (if not the most) prevalent forms of cancer in both the United States and Europe.[@R1]^,^[@R2] A recent systematic review of over 71,000 patients reveals that 10--20% of prostate cancer cases progress to castration-resistant prostate cancer (CRPC), for which there is no effective cure.[@R3] Previous studies indicate indeed that the vast majority (\>80%) of patients diagnosed with CRPC already have (bone) metastases and that one third of the remaining subjects is likely to develop metastases within 2 y.[@R4]^,^[@R5] The current standard chemotherapeutic treatment for CRPC patients is based on docetaxel plus prednisone. This approach only modestly enhances patient survival and, as with most (if not all) chemotherapeutics, has a wide range of undesirable side effects.[@R6] There is consequently a need for less toxic alternative or companion therapies, such as active immunotherapy. Prostate cancer is indeed a viable candidate for the development of anticancer vaccines, as current standard treatments for the clinical management of CRPC are inadequate. In addition, prostate cancer cells usually grow at a reduced pace, thus allowing for the elicitation of effective immune responses.[@R7] Prostate cells express many tissue-specific proteins that could act as therapeutic targets, including prostate-specific antigen (PSA), prostatic acid phosphatase (PAP) and many others.[@R8] In the last decade, a variety of vaccines against prostate cancer have been developed and tested in clinical trials for safety and therapeutic profile. Results from salient and novel vaccine formulations against prostate cancer are reviewed here.

Cell-Based Prostate Cancer Vaccines
===================================

Sipuleucel-T
------------

Sipuleucel-T (Dendreon Corporation) is a cell-based FDA-approved prostate cancer vaccine employing the patient's own antigen-presenting cells that have been treated (ex vivo) with a recombinant fusion protein, PA2024 (human PAP fused to granulocyte macrophage colony-stimulating factor, GM-CSF). This vaccine is available to patients with asymptomatic or minimally symptomatic metastatic CRPC and is administered as three intravenous infusions at biweekly intervals. Phase I and Phase I/II clinical trials demonstrated that the vaccination of CRPC patients with sipuleucel-T is generally well tolerated and reported the induction of PAP-specific T-lymphocyte responses in 75% and 38% of patients, respectively.[@R9]^,^[@R10] In both settings, a proportion (25% and 10%, respectively) of patients experienced a greater than 50% reduction in circulating PSA levels. Interestingly, in the Phase I/II studies (involving 31 patients) a correlation was noted between time to progression and the development of a (cellular or humoral) cancer-specific immune response (p \< 0.027).[@R10] Of note, the vaccination protocol employed in the Phase I trial (involving 12 evaluable patients) was different than that used in subsequent studies (including the abovementioned Phase I/II trial), in that patients were given only two sipuleucel-T infusions (one month apart from each other), followed by three subcutaneous monthly doses of PA2024. Why this particular vaccination protocol was discontinued is unclear. Subsequently, randomized, double-blind, placebo-controlled Phase III clinical trials were performed, namely, an integrated study involving 147 patients and a multicenter trial involving 512 patients (known as IMPACT).[@R11]^,^[@R12] All of these patients had CRPC with no or minimal symptoms. In the integrated study, the median overall survival (OS) was 23.2 mo for patients vaccinated with sipuleucel-T and 18.9 mo for the control group (p = 0.011). In the IMPACT study, the median OS was 25.8 mo for patients receiving sipuleucel-T and 21.7 mo for patients who were treated with placebo (p = 0.03). Interestingly, no change in time to progression was observed after the administration of sipuleucel-T despite the increase in OS. The lack of measurable tumor regression in spite of increased OS among sipuleucel-T-treated patients is enigmatic.[@R13] The actual mechanism of action of sipuleucel-T is unknown, yet some suggestions in this respect have been made.[@R14]^,^[@R15] A recent report presenting previously unpublished data from the IMPACT trial suggests that the increased OS observed among sipuleucel-T-treated patients could be an artifact generated by age-related differences in the placebo group.[@R16] These findings are contentious and have been refuted by a number of experts in the field.[@R17]^,^[@R18]

A number of clinical trials are currently investigating sipuleucel-T in cohorts of prostate cancer patients ([Table 1](#T1){ref-type="table"}). Although these trials are still in progress, some of the data accrued thus far have already been presented at specialized meetings or workshops. Thus, in the context of an open-label Phase II study (NCT00715104) enrolling patients with localized prostate cancer, the vaccination with sipuleucel-T prior to radical prostatectomy has been shown to result in increased levels of CD4^+^ (but not CD8^+^) T lymphocytes at the interface between benign and malignant tissue (the site at which pre-treatment biopsies were compared with post-treatment tissues obtained by radical prostatectomy).[@R35]

###### **Table 1.** Summary of recently completed and ongoing clinical trials

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Vaccine                                        Description                                                                                                                             Is it safe?                                                      Latest completed clinical trials: (main findings)                                                                                                                 Clinical trials active (a) or recruiting (r)
  ---------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------
  **ProstVac VF**\                               Heterologous prime/multiple boosts vaccinia virus (PSA-CD54-CD58-CD80) -- fowlpox virus (PSA-CD54-CD58-CD80)                            Yes[@R19]^,^[@R20]                                               **●Phase II**: Enhanced OS over control group by a median 8.5 mo[@R21]\                                                                                           **●Phase III (r)**: Comparison of OS with or without GM-CSF (NCT01322490)\
  (PSA-TRICOM)                                                                                                                                                                                                                                            **●Phase II**: Enhanced OS compared with Halabi nomogram prediction[@R22]                                                                                         **●Phase II (r)**: Comparison of disease progressions with flutamide and flutamide alone (NCT00450463)

  **ProstVac VF** + **ipilimumab (nivolumab)**   ProstVac VF + dose-escalation trial of anti-CTLA4 antibody                                                                              Yes\*^,^[@R23]                                                   **Phase I**: Safe and tolerable\*^,^[@R23]                                                                                                                         

  **ProstVac VF/ProstVac VF-like + docetaxel**   ProstVac VF-like (rV-PSA + rV-CD80) prime/rF-PSA boost)                                                                                 Yes[@R24]                                                        **Phase II:** Safe. Docetaxel does not inhibit vaccine specific T-lymphocyte responses[@R24]                                                                       

  **Ad5-PSA**                                    PSA-encoding adenovirus 5-- one administration with/without Gelfoam^®^ (Phase I) and three administrations with Gelfoam^®^ (Phase II)   Yes[@R25]                                                        **Phase I**: Safe. In Ad5-PSA/Gelfoam^®^ group 77% of PCa patients had detectable anti-PSA T cells[@R25]                                                          **Phase II (r):** Assessment of effect of Ad5-PSA on PSADT (NCT00583024 and NCT00583752)

  **Sipuleucel-T**                               Leukopheresed patients PBMCs transduced ex vivo with PAP-GM-CSF construct (PAP2024) an then reintroduced into patients                  Yes[@R9]^,^[@R10]                                                **Phase III**:IMPACT trial: Enhanced OS over placebo group by a median of 4.1 mo[@R12]                                                                            **Phase II (a):**NCT00715078^a^\
                                                                                                                                                                                                                                                                                                                                                                                                                            **Phase II (a):**NCT00715104^b^\
                                                                                                                                                                                                                                                                                                                                                                                                                            **Phase II (a):**NCT00901342^c^\
                                                                                                                                                                                                                                                                                                                                                                                                                            **Phase IIIB (a):**NCT00779402^d^\
                                                                                                                                                                                                                                                                                                                                                                                                                            **Phase II (r):**NCT01306890^e^\
                                                                                                                                                                                                                                                                                                                                                                                                                            **Phase II (a):**NCT01487863^f^\
                                                                                                                                                                                                                                                                                                                                                                                                                            **Phase II (a):**NCT01431391^g^

  **GVAX-PCa**                                   Irradiated PCa cell lines, LNCaP and PC-3, that constitutively express GM-CSF -- Prime/Boosts                                           Yes[@R26]^,^[@R27]                                               **Phase I/II (×2):** Safe. Enhanced median survival (for high dose boosts) over radiotherapy and low dose boosts by 8.7 mo[@R26] and 11.9 mo[@R27] respectively    

  **GVAX-PCa + docetaxel**                       GVAX-PCa + docetaxel compared with docetaxel alone in PCa patients with symptomatic metastatic CRPC                                     No - imbalance in deaths in the combined treatment group[@R28]   **Phase III:** VITAL-2:^†^ terminated due to safety concerns.                                                                                                      

  **GVAX-PCa + ipilimumab**                      GVAX-PCa (described above) + dose-escalation trial anti-CTLA4 antibody                                                                  Yes^††,^[@R29]                                                   **Phase I:** Safe^††^ (up to 3 mg/kg ipilimumab safe and well tolerated)                                                                                           

  **DNA-PAP**                                    Multiple intradermal vaccinations of rhGM-CSF with a plasmid (pTVG-HP) encoding PAP                                                     Yes[@R30]                                                        **Phase I/II:** Safe.\                                                                                                                                            **●Phase II (r):** Comparison of GM-CSF ± DNA-PAP (NCT01341652)\
                                                                                                                                                                                                                                                          7/22 patients had ≥2-fold increase in PSADT                                                                                                                       **●Phase II (a):** Determine safety and immunogenicity (NCT00849121)

  **DNA-PSA**                                    Multiple intradermal vaccinations of GM-CSF + IL-2 with a plasmid (pVAX) encoding PSA                                                   Yes[@R31]                                                        **Phase I:** Safe.\                                                                                                                                                
                                                                                                                                                                                                                                                          2/3 patients (given high dose pVax/PSA) had significantly elevated levels of PSA-specific IFNγ^+^ T cells                                                         

  **GMCI**                                       AdV-tk/anti-herpetic prodrug (GCV) prior to prostatectomy                                                                               Yes[@R32]^,^[@R33]                                               **Phase I--II:** Significant influx of CD8+ T cells\                                                                                                               
                                                                                                                                                                                                                                                          No improvement in patient prognoses[@R34]                                                                                                                         

  **GMCI + RT**                                  AdV-tk/anti-herpetic prodrug (GCV) prior to prostatectomy + RT                                                                          Yes[@R74]                                                        **Phase I/II:** Safe.\                                                                                                                                            **Phase III (r):** Comparing disease-free survival: GMCI + RT vs. placebo (NCT01436968)
                                                                                                                                                                                                                                                          Good locoregional control but inadequate systemic control[@R72]                                                                                                   
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Grade 3--4 side effects observed with 3--10 mg/kg ipilimumab (colitis and neutropenia); ^†^Phase III trials (×2) with GVAX-PCa were terminated, as discussed in the main text; ^††^Hypophysitis and/or sarcoid alveolitis diagnosed in patients receiving 5 mg/kg ipilimumab; ^a^Aims to assess CD54 upregulation with varying fusion protein (PAP2024) concentrations; ^b^Aims to assess the immune response within prostate tissue following the neo-adjuvant administration of sipuleucel-T (prostatectomy specimens taken after sipuleucel-T vaccinations will be compared with tissue from the core biopsy specimen obtained prior to treatment); ^c^Aims to evaluate the magnitude of immune responses to sipuleucel-T in patients with metastatic prostate cancer; ^d^Aims to determine if sipuleucel-T is effective in early stage, non-metastatic prostate cancer patients (end-point: biochemical failure); ^e^Aims to quantify the risk of cerebrovascular events following sipuleucel-T therapy for all subjects with CRPC; ^f^Aims to evaluate the impact of concurrent or sequential administration of abiraterone acetate plus prednisone on product parameters of sipuleucel-T; ^g^Aims to evaluate immune responses in patients with non-metastatic prostate cancer when androgen deprivation therapy is started before or after sipuleucel-T. CRPC, castration-resistant prostate cancer; GCV, ganciclovir; GMCI, gene-mediated cytotoxic immunotherapy; GM-CSF, granulocyte macrophage colony-stimulating factor; IFNγ, interferon γ; IL-2, interleukin-2; OS, overall survival; PAP, prostate acid phosphatase; PBMC, peripheral blood mononuclear cell: PSA, prostate-specific antigen; PSADT, PDA doubling time; RT, radiotherapy.

GVAX-PCa
--------

GVAX-PCa (Biosante Inc.) is a prostate cancer vaccine comprising a mixture of two irradiated allogeneic prostate cancer cell lines, LNCaP and PC-3, which constitutively express GM-CSF.[@R36] One Phase I/II trial to evaluate the safety and immunogenicity of GVAX-PCa was performed on 55 chemotherapy naïve metastatic CRPC patients.[@R26] These subjects received an intradermal priming vaccination with GVAX-PCa (5 × 10^8^ cells) followed by 12 biweekly boosts (for 6 mo). Patients were allocated to receive radiotherapy alone, GVAX-PCa with high dose boosts (3 × 10^8^ cells) or GVAX-PCa with low dose boosts (1 × 10^8^ cells), and median OS for these groups was 26.2, 34.9 and 24 mo, respectively. The vaccination protocol was well tolerated and no autoimmune toxicities were recorded. A subsequent Phase I/II study enrolling 80 patients with metastatic CRPC demonstrated that GVAX-PCa is generally safe and high dose boosts are most effective at extending patient survival.[@R27]

Oncoimmunologists are becoming increasingly more aware of the importance of dampening the immunosuppressive function of regulatory T lymphocytes (Tregs) along with the delivery of anticancer vaccines. One way of achieving this is through the use of antibodies targeting immunological checkpoint regulators such as ipilimumab and nivolumab, which are specific for cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed cell death protein 1 (PD1), respectively. The combination of GVAX-PCa and ipilimumab has been investigated in an open-labeled, single-center, Phase I clinical trial, which was partially prompted by preclinical results showing that CTLA4-targeting agents and GM-CSF-secreting tumor (melanoma and mammary carcinoma) cells exert synergistic antineoplastic effects in mice.[@R37]^-^[@R39] In addition, ipilimumab alone has been shown in two randomized Phase III trials to improve the OS of patients with metastatic melanoma.[@R40]^,^[@R41] This Phase I study was performed on 28 patients with metastatic CRPC and no previous history of chemotherapy, who received intradermal primes with GVAX-PCa (5 × 10^8^) cells followed by 12 boosts. Initially, 4 cohorts of 3 patients were treated with escalating doses of ipilimumab. As immune-related toxicities such as hypophysitis (inflammation of pituitary gland) and/or sarcoid alveolitis developed in individuals receiving high doses of ipilimumab (5 mg/kg), the remaining patients received GVAX-PCa together with 3 mg/kg ipilimumab, a combination that was safe and well tolerated. One of the secondary endpoints of this study was survival, and it was found that patients treated with GVAX-PCa plus ipilimumab had a median OS of 29.2 mo (95% CI 9.6--48.8), which compared favorably with the median OS of patients treated with sipuleucel-T (see above) or PostVac VF (see below). Still, it is yet to be determined whether this combinatorial treatment actually constitutes a significant improvement over GVAX-PCa alone in terms of OS increases.

Finally it should be noted that two Phase III trials involving GVAX-PCa, known as VITAL-1 and VITAL-2, were prematurely terminated due to a lack of therapeutic effect and increased mortality, respectively. The results from these trials have recently been presented at international meetings.[@R23]^,^[@R42] According to some experts in the field, these two trials were problematic since the optimal dosing of docetaxel for combinatorial regimens had not yet been determined (in the context of VITAL-2) and since a placebo control group was not used (in the context of VITAL-1).[@R43]

Viral Prostate Cancer Vaccines
==============================

ProstVac VF
-----------

ProstVac VF, or PSA-TRICOM, is an optimized heterologous vaccine that involves a prime and multiple boosts with attenuated strains of vaccinia and fowlpox viruses, respectively.[@R44] Both these recombinant viruses have been engineered to encode human PSA and the co-stimulatory proteins CD54, CD58 and CD80. Multiple Phase I studies have established the safety and tolerability of PSA-coding recombinant vaccinia vectors, as well as of the ProstVac VF protocol.[@R19]^,^[@R20]^,^[@R45] A randomized Phase II study reported that 82 patients with minimally symptomatic metastatic CRPC treated with ProstVac VF exhibited increased OS (25.1 mo) as compared with 40 patients receiving the control empty vector (16.6 mo; p = 0.006).[@R21] In a similar, but not randomized, Phase II trial, ProstVac VF again was shown to increase the OS of patients as compared with that defined by the Halabi nomogram prediction (26.6 mo vs. 17.4 mo).[@R22] The Halibi nomogram is a prognostic model that, based on historical data, is designed to predict disease outcome and survival among individual CRPC patients.[@R46] Of note, the OS improvement trend associated with the administration of ProstVac VF was particularly evident among patients with less advanced or less aggressive disease. It has subsequently been suggested by Gulley et al. that cancer vaccines in general are more likely to provide clinical benefit to patients with early-stage disease.[@R47] In addition, it was shown that patients developing robust PSA-specific T-lymphocyte responses manifested a trend toward improved survival. More recently, Gulley et al. have presented preliminary data at the 2013 Genitourinary Cancers Symposium (Feb 14th--16th, Orlando, FL, USA) indicating that, in the context of a multicenter Phase II trial involving 50 hormone-naïve patients with non-metastatic prostate cancer, ProstVac VF resulted in a significant reduction of tumor growth rate within 3 mo.[@R48]

In a small but important clinical trial involving bladder cancer patients before surgery, ipilimumab as a monotherapy was shown to increase the ratio of effector:regulatory T lymphocytes present within the tumor microenvironment.[@R49] A Phase I dose-escalation trial on patients with metastatic CRPC has recently revealed that the combination of ProstVac VF and ipilimumab is safe and well tolerated.[@R50] In this study, 30 patients were vaccinated subcutaneously with 2 × 10^8^ plaque-forming units (PFUs) ProstVac VF followed by monthly boosts with 10^9^ PFUs (beginning on day 15). On day 15 (and monthly from then on), patients were also given varying doses (1, 3, 5 or 10 mg/kg) of ipilimumab, intravenously. Most patients experienced grade 1--2 reactions at the site of vaccination. Rashes were the most common immune-related adverse event, most notably in patients receiving 10 mg/kg ipilimumab. Other side effects included grade 2--3 colitis (or diarrhea) at all doses of ipilimumab \>1 mg/kg. Overall, 8/30 patients experienced grade 3--4 toxic effects. These findings were similar to those from previous Phase I trials testing ipilimumab alone in melanoma patients, suggesting that ProstVac VF does not increase the severity of ipilimumab-related side effects.[@R51]^,^[@R52] Interestingly, the six patients in this study who had previously been treated with chemotherapy experienced a median progression-free survival of 2.4 mo, as compared with 5.9 mo among 24 chemotherapy-naïve patients. The median OS for all the 30 patients who received ProstVac VF plus ipilimumab was 34.4 mo. Future randomized clinical studies may elucidate the OS benefit of ProstVac VF plus ipilimumab over ProstVac VF alone. However, due to the potential for ipilimumab to cause aggressive autoimmune responses, nivolumab is being investigated as a possibly safer alternative.[@R53] Results from a recent Phase I clinical trial indicate that nivolumab was well tolerated (up to 10 mg/kg) by CRPC patients but did promote lymphopenia and fatigue as well as mild immune-related adverse effects, such as grade 3 inflammatory colitis and grade 2 polyarticular arthropathies, in a proportion of patients.[@R54] Although it is still too early to make emphatic comparisons between the safety of ipilimumab and nivolumab, the latter might provoke less frequent and less severe adverse effects than the former.

There is accumulating evidence that combining chemotherapy with anticancer vaccines may drive additive or synergistic antitumor effects.[@R55]^,^[@R56] Randomized Phase II clinical trials enrolling metastatic CRPC patients were performed with an ancestor of ProstVac VF and docetaxel, suggesting indeed that the combinatorial regimen may result in improved tumor-specific immune responses.[@R24] Finally, although GM-CSF is usually co-delivered with ProstVac VF, the impact that this cytokine has per se on the survival of prostate cancer patients has not yet been determined. Hence, a global, randomized, controlled Phase III trial is currently recruiting patients to investigate the importance of co-administering GM-CSF with ProstVac VF (NCT01322490).

Ad5-PSA
-------

Replication-deficient recombinant Ad type 5 (Ad5) vectors represent one of the most efficient methods for in vivo gene delivery.[@R57] Importantly, Ad5 vectors are also useful adjuvants for the delivery of tumor-associated antigen (TAA)-coding genes, owing to their elevated tropism for dendritic cells.[@R58]^,^[@R59] In preclinical studies, the administration of Ad5-PSA admixed with the collagen matrix Gelfoam^®^ was shown to protect the viral vector from high-titer anti-adenovirus antibodies, hence resulting in stronger immune responses than the use of Ad5-PSA alone.[@R60] This finding is particularly significant since a large percentage of patients exhibits pre-existing immunity, which de facto neutralizes the infectivity of Ad5 vectors. A Phase I clinical trial has been performed to test Ad5-PSA in 32 CRPC patients with evidence of metastatic disease.[@R25]^,^[@R61] The primary endpoint of establishing safety was met in patients who received varying doses (10^6^-10^8^ PFUs) of Ad5-PSA, with or without Gelfoam^®^. All adverse events were mild (\<grade 3) and most of them were temporary (\<2 d). In addition, 57% of patients vaccinated with aqueous Ad5-PSA manifested detectable PSA-specific T lymphocytes, while 77% of patients receiving Ad5-PSA/Gelfoam^®^ did so. Finally, albeit not statistically significant, a correlation was seen between T-lymphocyte responses and patient survival. To determine if Ad5-PSA vaccines can yield therapeutic benefits, a Phase II study employing two separate vaccination protocols is in progress (NCT00583024).[@R62] Patients with newly recurrent prostate cancer (protocol 1) will be treated with Ad5-PSA/Gelfoam^®^, either as a standalone intervention or subsequent to hormone deprivation therapy, while individuals affected by CRPC with low disease burden (protocol 2) will be treated with Ad5-PSA/Gelfoam^®^ alone. In contrast to the Phase I study mentioned above, in the context of which patients were treated with only one Ad5-PSA vaccination, all patients will receive three vaccinations (30 d apart from each other). The primary endpoints for CRPC patients (with low disease burden) will be PSA doubling time (PSADT), time to progression and OS, while the primary endpoint for patients with recurrent disease will be the development of anti-PSA immune responses.[@R62] According to a recent report on this ongoing trial, which thus far has accrued data from 44 patients, 100% of patients enrolled under protocol 1 and 67% of patients enrolled under protocol 2 have developed anti-PSA T-lymphocyte responses (as measured by ELISPOT assays).[@R63]

DNA-Based Vaccines
==================

DNA-PAP and DNA-PSA
-------------------

DNA-based vaccines are promising candidates for cancer immunotherapy for several reasons, including their safety and ease of manufacture. To date, a few DNA-based vaccines have progressed to small scale clinical trials, each comprising a genetic construct coding for a prostate-specific target protein. However, as it stands, no naked DNA-based vaccine has been tested in randomized clinical trials.[@R64] In an open label, single institution Phase I/IIa clinical study, 22 prostate cancer patients with biochemical recurrence and no evidence of metastatic disease were vaccinated intradermally with a plasmid encoding human PAP (pTVG-HP/PAP).[@R30] Patients were vaccinated six times with pTVG-HP/PAP and 200 μg GM-CSF at intervals of 14 d. No significant adverse effects were recorded for all pTVG-HP/PAP doses (max. = 1.5 mg). Of the 22 patients who were vaccinated in this setting, seven exhibited at least a doubling of PSADT. PAP-specific T-lymphocyte responses were detected in 10/22 patients. At least a 3-fold increase in PAP-specific proliferating CD8^+^ T lymphocytes (which produced interferon γ) was detected in 3/22 patients. In addition, 41% (9/22) of patients developed PAP-specific (CD4^+^ or CD8^+^) T-lymphocyte proliferative responses. Interestingly no humoral responses to PAP were detected. A subsequent longitudinal analysis of data from this clinical trial concluded that increasing the number of vaccinations correlated with an increased probability of generating PAP-specific T-lymphocyte responses.[@R65] In addition, it was shown that 6/8 and 1/14 patients with long-term PAP-specific T-lymphocyte responses had a \>200% increase in PSADT and no change in PSADT, respectively (p = 0.001).

In a Phase I trial to evaluate safety, feasibility and immunogenicity, a plasmid encoding PSA (pVAX/PSA) was administered intradermally (5× at 4 week intervals) to nine patients with CRPC.[@R31] In addition, subcutaneous administrations of GM-CSF (40 μg/day for 3 d, starting 2 d prior to vaccination) and IL-2 (75 μg/day for 7 d, starting one day after vaccination) were performed at the site of vaccination. The presence of these adjuvants was shown to be beneficial in a preclinical study.[@R66] Amounts of pVax/PSA ranging from 100 to 900 μg were tested and no dose-limiting toxicities were observed, while treatment-related adverse effects did not exceed WHO grade 2. In addition, there was no evidence of vaccination-related autoimmune diseases. pVAX/PSA was capable of inducing PSA-specific humoral and cellular immune responses. Three out of 3 patients treated with the highest dose of pVAX/PSA (900 μg) manifested increased levels of PSA-specific interferon γ-producing T lymphocytes, and 2/3 of these patients also exhibited increased PSADT and disease stabilization.

The use of naked DNA-based vaccines is potentially limited by low transfection efficiencies. In this respect, it has recently been shown that in vivo electroporation significantly improves the ability of pVAX/PSA to elicit PSA-specific CD8+ T-lymphocyte responses (in preclinical models).[@R67] A clinical trial was initiated in 2009 to examine the effects of pVAXrcPSAv53l (pVAX encoding rhesus monkey PSA) delivered by in vivo electroporation, but its current status is unknown (NCT00859729).

Gene-Mediated Cytotoxic Immunotherapy
=====================================

Gene-mediated cytotoxic immunotherapy (GMCI) involves the intratumoral delivery of an adenovirus encoding the Herpes simplex virus enzyme thymidine kinase (AdV-tk). Transduced tumor cells become susceptible to systemically administered prodrugs such as valcyclovir (VCV) or ganciclovir (GCV), which are selectively converted by thymidine kinase to cytotoxic nucleotide analogs.[@R68]^,^[@R69] These activated drugs can then affect neighboring cells (in particular highly proliferating cells) through multiple processes, collectively known as the local bystander effect.[@R70] GMCI has also been shown to elicit an immunological, systemic bystander effect that attacks metastases and protects against tumor rechallenge.[@R71] A Phase I/II clinical trial on 23 prostate cancer patients with locally advanced disease prior to prostatectomy was initiated to test the safety and preliminary therapeutic potential of AdV-tk.[@R34] This study involved (1--4) intraprostatic injections of AdV-tk followed by 2 weeks of GCV-based therapy and (2--4 weeks later) prostatectomy. The analysis of resected prostates revealed a highly significant influx of CD8^+^ T lymphocytes into the tumors of patients who had received AdV-tk compared with those of control patients. The levels of activated CD8^+^ T lymphocytes were also significantly increased in the blood. This was in contrast to changes in the abundance of CD4^+^ T lymphocytes, natural killer cells and B lymphocytes, which either remained unaffected or decreased. GMCI was shown to preferentially cause cytopathological effects to malignant (rather than on benign) tissues. However, there was no significant amelioration in the prognosis of AdV-tk-treated patients, as measured in terms of biochemical recurrence (PSA levels). This lack of clinical efficacy prompted the investigation of combinatorial treatments involving chemotherapy or radiotherapy and GMCI. Although the combination of chemotherapy and AdV-tk-based GMCI has not yet been investigated in clinical trials, a Phase I/II study testing AdV-tk-based GMCI combined with radiotherapy in patients bearing prostate cancer at various stages has been completed.[@R72] In this setting, patients were grouped into three categories/arms which included 29 low-risk patients (stage T1-T2a disease, Gleason score \<7), 26 high-risk patients (stage T2b-T3 disease, Gleason score \>6) and 4 patients with stage D1 disease. Promising observations were made on bioptic data, demonstrating a good locoregional control achieved by AdV-tk-based GMCI in all low-risk and high-risk patients. With median follow-ups \>13 mo, a control of PSA levels was also noted for all low-risk and high-risk patients. However, 3 out of 4 patients with stage D1 disease manifested biochemical failure at 3, 3 and 7 mo, respectively. A double-blind, randomized, placebo-controlled Phase III trial of ProstAtak™ (AdV-tk plus VCV) in combination with standard external beam radiation therapy, with or without androgen deprivation therapy, is currently recruiting patients with intermediate-high risk localized prostate cancer (NCT01436968).

Concluding Remarks
==================

Results from the clinical trials presented here indicate that prostate cancer vaccines are generally safe and, encouragingly, capable of generating tumor-specific T-lymphocyte responses. It is becoming evident that prostate cancer patients with early-stage disease may be those who obtain the main benefits from vaccines.[@R22] This was particularly apparent in patients receiving ProstVac VF, but a similar trend was also suggested by the results of studies involving Ad5-PSA and GMCI.[@R22]^,^[@R34]^,^[@R47]^,^[@R63] A Phase IIIB clinical trial for sipuleucel-T (NCT00779402) is ongoing to test the effectiveness of this vaccine on early-stage (non-metastatic) hormone-sensitive prostate cancer patients. In patients with advanced tumors, effective immune responses are possibly being suppressed by either tumor cells themselves and/or by regulatory T lymphocytes and myeloid-derived suppressor cells, both of which accumulate in the tumor microenvironment as disease progresses. In an attempt to (at least partially) address this issue, both GVAX-PCa and ProstVac VF have been combined with antibodies (ipilimumab or nivolumab) that limit the activity of regulatory T lymphocytes in Phase I clinical trials, yielding encouraging results that warrant further investigation.[@R49]^,^[@R54] Aside from immunosuppression, patients with advanced prostate cancer also bear bulky lesions, which the immune system cannot effectively eradicate. Chemotherapeutic agents that efficiently reduce disease burden, in particular docetaxel, are currently being tested in combination with ProstVac VF (NCT01145508) for the treatment of patients with metastatic CRPC. Hopefully, these combinations and others that are currently being trialed ([Table 1](#T1){ref-type="table"}) will ultimately lead to the development of vaccination strategies that not only improve the survival of prostate cancer patients but also their quality of life. Vaccines are under intensive investigation for the therapy of a wide range of cancers, yielding promising results that have been recently summarized elsewhere.[@R73]
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